INTRODUCTION

Seismic hazard analyses and stress tests for critical infrastructures
show limitations in the treatment of extreme events. These extreme events can be great earthquakes and/or their cascading effects, generally not foreseen in risk analysis and management (e.g., Komendantova et al., 2014) .
For instance, earthquake ruptures are known to potentially propagate over several segments (e.g., Eberhart-Phillips et al., 2003; Fliss et al., 2005 ). Yet fault segments are still modeled as individual faults in most regional seismic hazard models based on expert opinion and on limited paleoseismic data.
Rate anomalies (known as the "bulge") in the Uniform California Earthquake Rupture Forecast, Version 2 (UCERF2) are in part due to the neglect of possible links between fault segments (Field et al., 2009) . Recent catastrophes, such as the 2011 M w = 9.0 Tohoku earthquake and its consequences (e.g., Norio et al., 2011) , have demonstrated the need for "a targeted reassessment of the safety margins" of critical infrastructures (ENSREG, 2011) .
The present study aims at tackling the issue of potentially unforeseen great earthquakes, (1) by proposing criteria for earthquake rupture cascading over fault segments based on geometrical and physical considerations and (2) by assessing the maximum magnitude (M max ) of these ruptures spanning over hundreds of kilometers. Focus is made on strike-slip mechanisms. Different definitions of M max have been proposed based on the assumption that no earthquake is expected above that threshold, such as the maximum observed magnitude, the deterministic "maximum credible" magnitude (Reiter, 1990) and the statistical "maximum possible" magnitude (Kijko and Singh, 2011) . It has recently been shown that the predictive power of the statistical approach is rather poor (Zöller et al., 2013) . Furthermore, Holschneider et al. (2014) found that it is essentially impossible to infer M max from earthquake catalogues alone. Our method to assess M max is directly related to the deterministic approach, as M max is directly regressed from the length of the fault.
We define a set of simple criteria to assess cascades from individual fault segments by using dynamic stress modeling assumptions (e.g., Kame et al., 2003) and field observations (e.g., Wesnousky, 2006) . We apply these criteria to a subset of strike-slip faults in the Anatolian Peninsula, Turkey, as compiled in the 2013 released European Seismic Hazard Model (hereafter ESHM13; Basili et al., 2013) . We estimate M max for the resulting cascading events by use of empirical magnitude-length scaling relationships (Stirling et al., 2013 and references therein) taking into account saturation effects at long lengths and other physical constraints (Anderson et al., 1996) .
METHOD & DATA
Appraisal of criteria for multi-segment rupture from the dynamic stress modeling literature Three types of fault segment association can be defined based on geometrical configurations ( Fig. 1): (1) bending or rupture propagation along the same fault via segments of potentially different strikes, (2) branching or rupture propagation switching from a segment to a branching segment via a triple junction (in this case, only part of the first segment ruptures), and (3) jumping or propagation from a source to another one, separated in space.
An examination of numerous surface rupture traces of historical strikeslip earthquakes by Wesnousky (2006) showed that ruptures stop propagating (jumping) if the dimension of the fault step Δ is above 3-4 km. For strike-slip faults in Turkey, Barka and Kadinsky-Cade (1988) had already remarked that ruptures generally do not jump step-overs that are wider than 5 km. Dynamic models confirm the importance of the size of the fault step in rupture arrest. Harris and Day (1993) showed that a strike-slip earthquake is unlikely to jump a fault step wider than 5 km, in agreement with field observations. This was confirmed in the case of the 1999 Izmit earthquake, which rupture was stopped by a narrower step-over at its eastern end (Harris et al., 2002) . For a rupture to propagate over a wider step, linking structures such as transfer faults (en echelon structures) are necessary, as shown by Harris and Day (1999) in the case of the 1992 Landers earthquake. The most favourable side for bending/branching switches from the extensional to the compressional side as the angle Ψ between the direction of maximum compressive prestress and the fault strike becomes shallower. Propagation through bending or branching then depends on the fault geometry, i.e., the inclination ϕ of a segment with respect to another one (Poliakov et al., 2002; Kame et al., 2003) . This has been verified in the case of the 2002 Denali branching earthquake (Bhat et al., 2004) .
Based on these two-dimensional geometrical constraints (no depth constraint), we propose the following criteria, which all have to be satisfied for a rupture to propagate along strike from a segment to another one ( Fig. 2 ; see also algorithm in the Appendix):
1. Compatibility of segments: Segments involved in a cascade must have the same mechanism (left-or right-lateral) and the same dip direction (i.e. not antithetic).
2. Maximum distance: The minimum distance Δ between two sources must be lower than 5 km (Harris and Day, 1993; Wesnousky, 2006) .
3. Maximum strike difference: The relationship ψ-δ ≤ ϕ ≤ ψ+δ must be respected with ϕ the angle between two segments (i.e. strike difference), ψ = γ(45-Ψ-180.atan(µ d )/2π) the optimal angle for rupture (Poliakov et al., 2002; Kame et al., 2003; Bhat et al., 2004) , Ψ > 0 the angle between the first segment and the direction of maximum compressive stress S max , µ d the dynamic friction coefficient, γ = 1 for right-lateral and γ = -1 for left-lateral, and δ = 30° the range of preferred orientation (see Fig. 2 for angle sign convention).
4. Relative position of segments: The rupture can propagate from all or part of a segment to all or part of another segment if the angle between the two subsequent segments remains obtuse (i.e., no backward branching/bending allowed).
Angle notation follows Kame et al. (2003) . The term 45-Ψ-180.atan(µ d )/2π represents the optimum angle once the effect of dynamic friction µ d is taken into account (Kame et al., 2003) . The parameter δ represents the angle range where the shear stress is larger than the frictional resistance, with ±2δ = 90° the stressed quadrant. The angle Ψ between the fault segment and the direction of maximum compressive stress is defined as Ψ = ℜ/2+45° modulo 90°, assuming that variations in the rake ℜ represent the variations in the regional stress field orientation. The angle Ψ is defined such that there is no difference between right-lateral and left-lateral mechanisms. It is only the parameter γ that assigns the mechanism and therefore the main orientation of the stressed quadrant. Source orientations are calculated from their tips in disregard of track irregularity. We fix µ d = 0.12 and δ = 30° following Kame et al. (2003) . The δ value choice is also in agreement with Barka and KadinskyCade (1988) , who found that strike-slip ruptures in Turkey do not propagate past bends that have angles greater than about 30°.
Application of these criteria results in a set of cascades, each characterized by a length L casc . The proposed rules are simplifications from the reality and may not represent the full spectrum of possible cascades (see below).
Multi-segment rupture method assumptions and limitations
The proposed method for multi-segment rupture does not consider the case of dip-slip multi-segment rupture. As indicated by Magistrale and Day (1999) , it may be misleading to apply results found for strike-slip systems to dip-slip ones since slip direction and strike directions are parallel in the former case and perpendicular in the second. While the same authors found that jumping between thrusts in dynamic stress simulations is limited to Δ ≤ 2 km (i.e., different criterion 2), we did not find information regarding the maximum orientation change allowed between two dip-slip segments (i.e., no criterion 3 defined for horizontal propagation of dip-slip ruptures so far). Similarly, criterion 1 enforces that two segments with left-and right-lateral mechanisms cannot rupture together in a same earthquake. Once again, this criterion is based on the fact that no such association has been described in the literature on dynamic stress modeling.
Inclusion of "multifault ruptures" is a new feature of the latest version of the Uniform California Earthquake Rupture Forecast (UCERF3; USGS report by Field et al., 2013) compared to the previously published UCERF2 version (Field et al., 2009) . Generally, for strike-slip-dominant regimes, our method should satisfy seismic hazard modelers due to its simplicity. Otherwise, the UCERF3 method appears more flexible since it applies for any earthquake mechanism, but at the cost of some subjective choices (e.g., |ϕ| ≤ 60° proposed to only prevent large changes in rupture strike, such as right angles or U-turns). Nonetheless, both methods are independent procedures, which can be applied individually when one needs to estimate L casc from which M max is inferred (this study) or when one needs to model the floating ruptures and their associated rates in seismic hazard analyses (UCERF3).
Rupture velocity (hereafter V r ) is one of the three key parameters to consider in bending/branching scenarios (with the angles Ψ and ϕ discussed above). Stresses that could initiate rupture on a bend/branch have been shown to significantly increase with crack speed (Poliakov et al., 2002) .
However, some earthquakes have been observed to propagate very slowly and others very fast (e.g., Bhat et al., 2007 -see also the concept of supershear earthquakes in Rosakis et al., 1999) . In our approach, L casc does not depend on V r , only on the fault network geometry.
Whether a rupture can continue on a larger scale also depends on the history of the stress field in the area (e.g., Poliakov et al., 2002) . It has also been recognized that the pre-stress conditions play an important role for a given offset to be breached (Harris and Day, 1999) . We assume that the stress field conditions are always favourable for rupture propagation to obtain a conservative estimate of L casc . This assumption avoids including a timevariant component that depends on the earthquake history in the considered region (King et al., 1994) .
A last limitation is the sensitivity of the results to the spatial resolution of the fault dataset considered as input for the L casc and M max analysis. This is investigated in detail in the next section.
The ESHM13 database
ESHM13 (Giardini et al., 2013) represents the latest seismic hazard model for the European-Mediterranean region. The model combines the up-to-date information about earthquakes, active faults and crustal deformation, including the quantification of model and data inherent uncertainties for Europe and Turkey without the limits of national borders. Since the method proposed in the present article is limited to strike-slip mechanisms, we focus our analysis to the Anatolian Peninsula, Turkey, where strike-slip structures are predominant and have the potential to rupture over great distances.
We use the fault sources as compiled in ESHM13 and described in the Basili et al. (2010) , represent a composite structure that consists of multiple single mapped faults. By this definition, the size of a composite seismogenic source spans a larger area than the one of the largest observed earthquake due to high uncertainties on the end-points of the defined segments. The end-points were defined either at the end of an adjacent identified fault rupture or at a significant structural change (Haller and Basili, 2011) . Figure 3 shows a map of the region including the fault mechanisms derived from the source rake ℜ (see inset for rake/mechanism convention in ESHM13). We only consider strike-slip faults for our analysis, with ℜ ≤ 45° or ℜ ≥ 315° for left-lateral faults and 135° ≤ ℜ ≤ 225° for right-lateral faults. Since ESHM13 only provides minimum and maximum values of the rake, we use ℜ = (ℜ min +ℜ max )/2. Arithmetic mean values are also used for other ESHM13 parameters (strike, dip and slip rate).
Assessment of M max considering individual fault segment lengths or cascade lengths
M max is commonly estimated from the length L of individual fault segments. We first investigate the scaling relationships listed in Table 1 ( Wells and Coppersmith, 1994; Mai and Beroza, 2000; Hanks and Bakun, 2002; Leonard, 2010; Wesnousky, 2008) , used in ESHM13 and/or recommended by Stirling et al. (2013) for the case of "plate boundary crustal, fast plate boundary faults, strike-slip dominated" (their tectonic regime A11). In the case of rupture cascades, the resulting rupture length L casc can easily reach several hundreds of kilometres, which in turn exceeds the calibration range of the magnitude-length scaling equations. In this view, we dismiss the equations proposed by Mai and Beroza (2000) (estimated L max = 180 km) and by Leonard (2010) 
RESULTS
Strike-slip cascades in the Anatolian Peninsula
For the dataset considered consisting of 217 single fault segments, the algorithm for multi-segment rupture (see Appendix) produces a total of 272 cascades (including some redundancies). Figure 5a shows an example of cascade on the North Anatolian Fault (NAF), which is composed of seven ESHM13 fault segments, complete or partial. Figure 5b shows the longest rupture cascades possible in different parts of the Anatolian Peninsula based on the data and method employed (with Δ = 5 km).
It should be noted that these results are sensitive to the definition of the fault network trace and to the values of Δ and δ. While the defined mean orientation of a fault segment is likely accurate, the gap between different segments depends on the spatial resolution of the fault mapping, indicating the importance of improved fault mapping in seismic hazard studies, especially considering the link between the different structures in three dimensions (e.g., slip-partitioning and complex decollements) (e.g., Choi et al., 2012) . Ambraseys (1970) noted that the Anatolian fault zone appears at a small scale as a continuous structure except for the step near Niksar (Fig. 5b ).
This step explains why no rupture cascades along the full NAF structure when using the ESHM13 database and Δ = 5 km. However en echelon structures link the two fault segments at a larger scale, which suggests possible jumping between the eastern and western sides of the NAF when refined information is used.
While we consider that the values Δ = 5 km and δ = 30° fixed in the criteria defined above are reliable physical constraints, verified in both dynamic models (Harris and Day, 1993; Kame et al., 2003; Harris et al., 2002) and in the field (Wesnousky, 2006; Barka and Kadinsky-Cade, 1988 ), Δ may need some adjustment in order to take into account obvious inconsistencies in the fault input dataset. This is investigated in the next section with the mapping of M max .
It should be added that the rupture cascades generated could not be compared to historical complex ruptures, which are already defined as ESHM13 sources (e.g., 1939 Ercincan, 1943 Ladik and 1999 Izmit earthquakes, which all present bends - Ambraseys, 1970; Harris et al., 2002) .
In other words, all the cascades generated here are potential ruptures that
have not yet been observed. Figure 6a shows the distribution of rupture cascade lengths L casc with minimum, median and maximum lengths of 33 km, 254 km and 853 km, respectively for the "standard" Δ = 5 km. For an increased Δ = 10 km, the median and maximum lengths increase to 436 km and 1480 km, respectively.
Reassessment of M max considering rupture cascade lengths in the Anatolian Peninsula
It means -following the proposed method -that events could rupture over more than twice the length of the longest fault defined in ESHM13 when considering the standard input parameters (Δ = 5 km, δ = 30°) but that they could rupture over more than four times the ESHM13 maximum length if a more conservative Δ value of 10 km is used. Figure 6b shows M max values assessed from the scaling relationships of Hanks and Bakun (2002) , Wesnousky (2008) and Anderson et al. (1996) .
For the latter, the slip rate of a cascade is defined as the average of the slip rates of the connected ESHM13 segments. We find that the Anderson et al. (1996) values (points) are comprised between the Hanks and Bakun (2002) and Wesnousky (2008) given L casc indicates a large epistemic uncertainty, which can be partially due to the use of the scaling relationships beyond their calibration range.
Reduction of these uncertainties is out of the scope of this study. Figure 7 shows M max maps of the strike-slip faults in the Anatolian Peninsula for ESHM13 segments (Fig. 7a ) and for multi-segment cascades with standard Δ = 5 km (Fig. 7b ) and increased Δ = 10 km (Fig. 7c) . M max is computed for all maps using the relationship of Anderson et al. (1996) . As already discussed earlier, an earthquake cannot rupture all along the NAF when using the standard Δ = 5 km ( Fig. 5b; Fig. 7b ). However plate boundaries, such as the NAF (e.g., Ambraseys, 1970) , are continuous structures that shall be able to rupture in one event. This is here obtained by using a more conservative Δ = 10 km (Fig. 7c) . A correction to Δ shall be applied whenever the spatial resolution of the fault trace data is too low relative to the standard Δ = 5 km.
We find that M max is increased locally from about 0.5 to 1.5 units along the NAF and the East Anatolian Fault (EAF). A number of other faults show an increase from about 0.5 to 1.0 (Figs. 7a-7c ). Note that these results are subject to epistemic uncertainties (see Fig. 6 ). With longer ruptures being characterized by greater slip and a wider shaking spatial footprint, our results suggest a change in hazard in the Anatolian Peninsula once cascades are considered. This will be investigated in detail in a future study.
In ESHM13, the area source M max is assigned as the largest value between the historical observations and largest maximum magnitude as estimated from fault sources, plus an increment of 0.2 corresponding to the reported magnitude error on the earthquake catalogue (Meletti et al., 2009 ).
For the NAF area source, the largest value M max = 8.6 has a weight of only 0.1 (Basili et al., 2010) . A similar M max is obtained from the Anderson et al. (1996) relationship, while lower and higher values are also possible depending on the selected scaling relationship (range of values given above). It is well known that the M max of strike-slip events are unlikely to reach M w 9 values since great strike-slip ruptures scale with length L and not area L 2 (e.g., Romanowicz and Ruff, 2002) . The 2012 equatorial Indian Ocean earthquakes of M w 8.6
(mainshock) and 8.2 (aftershock) were two of the largest strike-slip earthquakes ever recorded (Duputel et al., 2012) . In that view, extrapolation of the Hanks and Bakun (2002) relationship beyond its calibration range (with M max ~ 9) becomes questionable.
IMPLICATIONS FOR STRESS TESTS & HAZARD ASSESSMENT
A stress test is defined as a targeted assessment of the safety margins of a given critical infrastructure. This assessment consists in particular in the evaluation of the response of the critical infrastructure when facing a set of extreme situations (ENSREG, 2011) . In this context, we are interested in generating the "worst" earthquake magnitude that is physically possible.
Seismic hazard analyses must also define the largest earthquake possible within a specified source zone or known fault.
The proposed multi-segment rupture approach -by generating physically constrained cascades linking individual fault segments -provides refined values of M max , It can be used in deterministic hazard applications, for example for stress test what-if scenarios, by converting the longest modeled cascade rupture L casc into an M max using empirical magnitude-length scaling relationships. In addition, by applying the algorithm presented in the Appendix, a cascade dataset is generated that can serve as input for probabilistic seismic hazard modeling. Occurrence rates could then be estimated by using the rules already established for composite sources (i.e., using Gutenberg-Richter or characteristic earthquake models, conservation of total seismic moment rate, etc.).
APPENDIX: Multi-Segment Rupture Algorithm
An algorithm is proposed to generate cascades based on the four 3. Cascade growth loop: Fix i = i+1 and repeat step 2 until the number of cascades in S i is n i = 0 (Fig. A2 ) or tends to a constant maximum cascade length L max (Fig. A3) . Save all cascades of set S i into the final cascade set S casc .
In the first iteration i = 0, both segments j and k are individual fault segments from input set S 0 . In subsequent iterations i ≥ 1, the input segments j are the cascades defined in the previous iteration, such that any cascade in set S i is composed of i+1 individual segments (or sub-segments). For the case of the Anatolian Peninsula ESHM13 fault segments with Δ = 5 km, the algorithm stopped at iteration i = 9 indicating that the longest cascades were composed of 10 ESHM13 segments, complete or partial, in set S 9 (Fig. A2) .
Depending on the fault data configuration, some redundancies may occur (i.e.
non-unique sub-segment associations yielding a same cascade path).
Although the number of cascades dropped to n 10 = 0 in the present analysis for Δ = 5 km, it is possible that redundant cascades may lead to n +∞ > 0. In such a case, step 3 of the algorithm includes a test for maximum length L max stability combined to a maximum number of possible iterations. This is for example the case when using Δ = 10 km, for which stability is obtained at iteration i = 11 (Fig. A3) . By construction, all the cascades generated have tips which match with existing tips of different individual segments defined in ESHM13.
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Figure 3:
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